The main form of pectate hydrolases in the cell wall of parsley roots showed a unique substrate preference of a plant exopolygalacturonase because it clearly preferred the substrates with degree of polymerization about 10. This form was separated from the others, purified and characterized. Enzyme exhibited sharp pH optimum corresponding to pH 4.7, molecular mass 53.5 kDa, and isoelectric point 5.3. It was stable at 50
Introduction
Pectin is a complex heteropolysaccharide present in the middle lamella of the plant primary cell wall. As about one-third of the total cell wall material (Carpita & Gibeaut 1993) , it represents an important carbon source for plant pathogens. This heteropolymer is composed of several distinct polysaccharides, such as homogalacturonan (HG), xylogalacturonan, rhamnogalacturonan I (RG I) and rhamnogalacturonan II (Vincken et al. 2003a) . Two pectin models exist at present: (i) a pectin structure in which HG and RG I are in extension and neutral sugars create the side chains (Voragen et al. 1995) ; and (ii) the second one in which the pectin backbone is built from RG I and HG with neutral sugars form the side chains (Vincken et al. 2003b) .
HG is known as the smooth region of pectin. It is an unbranched polymer composed of (1,4)-linked α-dgalacturonic acid residues. Its degradation requires enzymatic activities of pectin methyl and acetyl esterases (EC 3.1.1.11 and EC 3.1.1.-), pectin and pectate lyases (EC 4 ExoPGs [poly(1,4-α-d-galacturonate)galacturonohydrolases] are exo-hydrolases catalyzing the hydrolytic cleavage of glycosidic α-1,4-bonds of d-galacturonan at its non-reducing end with the release of d-galactopyranuronic acid as the sole reaction product. Substrates for these enzymes are polygalacturonic and oligogalacturonic acids and, in contrast to PGs, also digalacturonic acid (Rexová-Benková & Markovič 1976) . Exopolygalacturonosidases, typical enzymes of bacteria, release digalacturonate from pectate (Liao et al. 1999; Abbott & Boraston 2007) .
Based on sequence similarities all glycoside hydrolases (GHs) degrading pectin have been classified into the family 28 (Henrissat 1991) . PGs, exopolygalacturonosidases and exoPGs as all the family GH28 members act with a single displacement (inverting) mechanism of hydrolysis of the glycosidic linkage (Biely et al. 1996; Henrissat & Davies 1997) . The large data set of PG and exoPG primary structures allowed to identify the sequence features specific for exoPGs discriminating them from PGs (Markovič & Janeček 2001) . According to the consensus alignment of Torki et al. (2000) , plant exoPGs were included into plant clade C covering all pollen and flower PGs. The consequence of clear sequence differences between plant enzymes and those produced by microorganisms is that these two groups are well separated in the GH28 evolutionary tree (Markovič & Janeček 2001) .
The three-dimensional structures of several PGs have been reported (Pickersgill et al. 1998; van Santen et al. 1999; Cho et al. 2001; Federici et al. 2001; Shimizu et al. 2002; van Pouderoyen et al. 2003) but only one structure of exopolygalacturonosidase (from Yersinia enterocolitica) with an accompanying explanation of the molecular determinants for its specialized activity (Abbott & Boraston 2007) . Tertiary structure of exoPG or generally of any plant pectate hydrolase has not been reported yet.
The particular exoPGs differ from each other by the range and rate of the effects toward substrate in relation to the chain length. The exoPGs of microbial origin favour oligomers of lower degree of polymerization (DP) (trimer or tetramer) (Heinrichová & Rexová-Benková 1976; Heinrichová et al. 1993; Kester et al. 1996; Stratilová et al. 2006) , digalacturonic acid (Hasegawa & Nagel 1968; van Rijssel et al. 1993) or the substrate chain length is not a factor determining the enzyme effect (Musel & Strouse 1972) . It was supposed that the most suitable substrates for exoPGs of plant origin are polymeric d-galacturonan (Heinrichová 1977) or a partially degraded d-galacturonan of DP about 20 (Hatanaka & Ozawa 1964; Pressey & Avants 1973) .
In 2005 exoPG form was found in carrot roots clearly preferring oligomeric substrates, especially hexamer (Stratilová et al. 2005) . The kinetic analysis showed that the reason for this preference was the value of maximal rate that rapidly decreased when substrates with DP higher than six were used. Similar effect was observed for microbial oligomerases, too (van Rijssel et al. 1993; Kester et al. 1996) . The denotation "oligogalacturonate hydrolase" (OGH) for such type of exo-PG was used to distinguish this enzyme from typical plant exoPG forms preferring polymeric substrate. This name (and/or oligogalacturonase) is commonly used for microbial oligomerases, too (Hasegawa & Nagel 1968; van Rijssel et al. 1993) . Even more forms of OGH were found in parsley roots (Flodrová et al. 2007 ). Three of them were similar to enzyme from carrot roots with preference for hexagalacturonate (OGH6). One form seemed to prefer higher oligogalacturonates, what means that the enzyme system in parsley was even more enriched in connection to substrates with different DP in comparison with carrot.
The aim of this work was to purify and characterize this enzyme form (OGH10). Surprisingly, OGH10 with unique substrate preference of plant exoPG seems to be the major form of pectate hydrolase in the parsley root cell wall.
Material and methods

Substrates
Commercial citrus pectin (Genu Pectin, Denmark) was purified by washing with acidified 60% ethanol (5 mL conc. HCl/100 mL of 60% ethanol), followed by 60% and 96% ethanol. Potassium pectate was prepared from this pectin by total alkaline deesterification (Kohn & Furda 1967) .
Sodium oligogalacturonates with DP 2-10 were prepared by enzymatic hydrolysis of pectate (Heinrichová 1983) , gel filtration on a Sephadex G-25 Fine column in 0.05 M phosphate buffer, pH 7.0, and desalting on a Sephadex G-15 column (Rexová-Benková 1970) . Oligogalacturonates with higher DP were prepared by acidic hydrolysis of pectate followed by the separation on Sephadex G-50 column (Kohn & Luknár 1977) , desalting of resulted oligogalacturonates under conditions given above and finally freeze-dried. The identity and purity of oligogalacturonates was checked by HPLC (Shimadzu, Japan) on Asahipak NH2P-50 4E column (Shodex, Kawasaki, Japan) utilizing 0.3 M phosphate buffer, pH 4.4. Flow rate was 1 mL/min; measurement was provided at 210 nm and 40
• C. Unsaturated oligogalacturonates (DP 2, 3) were obtained after enzymatic degradation of potassium pectate by bacterial pectate lyase (1% pectate treated by lyase of Erwinia sp., pH 8.0 sustained by addition of 0.1 M KOH, 30
• C, 20 h) and freeze-dried.
Activity assay OGH10 activity was assayed in 0.1 M acetate buffer, pH 4.6 (Flodrová et al. 2007) or 4.7 (except the determination of pH optimum in the pH region 4.3-4.9) at 30
• C (except the determination of temperature optimum at temperatures from 25
• C) by measuring the increase of reducing groups (Somogyi 1952) in the reaction mixture containing solutions of 1 mM pentagalacturonate or decagalacturonate (except the determination of the substrate of preference when substrates with DP from 2 to 30 and polymeric substrate were used). The enzyme activity was expressed in µmol reducing groups liberated within 1 min by 1 mg protein and determined by means of standard graph for D-galacturonic acid.
The activity of other pectate hydrolases was assayed in 0.1 M acetate buffer at a pH value corresponding to the pH optimum of the individual form utilizing the corresponding substrate of preference (Flodrová et al. 2007 ).
The activities of fractions eluted from columns were simply expressed as an increase of absorbance at 530 nm under standard conditions -1 mM solution of pentagalacturonate or decagalacturonate, pH 4.6 or 0.5% pectate, pH 5.0 and the identical time interval for enzyme-substrate incubation.
The thermal stability of OGH10 was evaluated after 2 h incubation of enzyme solutions at 24-70
• C followed by the enzyme assay at 30
Extraction of pectate hydrolases from parsley root pulp Parsley roots (Petroselinum crispum cv. Olomoucká dlouhá) in an amount of 2 kg of roots from October crop were collected from the same field. The parsleys were treated immediately after their sampling. The first step of extraction of enzymes was performed on a juice extractor ES-3551 (Severin, Sundern, Germany). The proteins retained in pulp were further extracted for 12 h with 0.1 M imidazole solution/HCl, pH 6.0 containing 1M NaCl. After filtration and centrifugation (23650 × g, 20 min, 4
• C), the obtained juice was precipitated with ammonium sulphate (Merck, Germany) to 100% saturation (24 h, 4
• C) and centrifuged again. The precipitate was dissolved in a small amount of 1 M NaCl solution, dialysed against distilled water and freeze-dried. This process was followed by partial removing of molecular substances with molecular mass under about 40 kDa on a Biogel P-30 (Bio-Rad, Richmond, California) column (length 1 m, diameter 25 mm) in 0.05 M citrate-phosphate buffer, pH 5.4 with 0.15 M NaCl (the ratio flow rate/fraction was about 4 mL/20 min). Fractions with pectate hydrolase 230 D. Flodrová et al.
activity were collected, dialyzed against distilled water and freeze-dried.
Purification of OGH10
OGH10 from parsley pulp was purified using combination of affinity and gel-permeation chromatographies and chromatofocusing. The desalted protein mixture after Biogel P-30 column was applied on concanavalin A -Sepharose (Pharmacia, Sweden) column (length 40 mm, diameter 10 mm) in 0.1 M acetate solution at pH 6.0 with addition of 1 M NaCl, 0.001 M MnCl2, 0.001 M MgCl2 and 0.001 M CaCl2 (fractions 1 mL). 0.5 M methyl-α-D-mannopyranoside (α-MMP; Sigma, Germany) in 0.1 M acetate solution at pH 6.0 with 1 M NaCl was used as an eluting agent. FPLC (Pharmacia, Sweden) was performed on Superdex 75, 10/300 GL (Tricon) column in 0.05 M phosphate buffer, pH 7.0, 0.15 M NaCl. This was followed with Mono P HR 5/20 (Pharmacia, Sweden) step in 0.025 M bis-Tris, pH 6.3, HCl/Polybuffer 74, pH 4.0, HCl, and then repeated with fractions showing exoPG activity. The flow rate was 0.5 mL/min. OGH10 was identified on the basis of its pH optimum and substrate preference.
Characterization of OGH10
Michaelis parameters were determined utilizing the initial velocities at five concentrations of substrate, ranging from 0.1 to 0.5 mM decagalacturonate, pentagalacturonate or digalacturonate in 0.1 M acetate buffer, pH 4.7, 30
• C, and calculated by nonlinear regression.
The products of the hydrolysis of natural and unsaturated oligogalacturonates were analysed by TLC on Silica gel 60 sheets (Merck, Darmstadt, Germany) using nbutanol/formic acid/water (2:3:1) as the eluent (Koller & Neukom 1964) . The spots were detected by 20% (w/v) solution of ammonium sulphate in water, D-galacturonic acid being the reference substance.
The viscosity measurement was done during degradation of polymeric substrate by OGH10 in the Ubbelohde viscosimeter. At the same time intervals the measurement of liberated reducing groups was performed (with the molecular mass of pectin used for counting the degree of degradation). The action pattern of OGH10 was demonstrated by the correlation of viscosity decrease of polymeric substrate with the degree of its degradation.
Approximate relative molecular mass of enzyme was determined by gel filtration on a Superdex 75 HR 10/30 column connected to a FPLC device in 0.05 M phosphate buffer, 0.15 M NaCl, pH 7.0. Albumin, bovin serum (66 kDa), carbonic anhydrase (29 kDa) and cytochrome c (12.4 kDa) were used as the standards (MW-GF-1000, Sigma).
SDS-PAGE for molecular mass analysis of OGH10 was performed on a Mini-Protean 3 Electrophoresis System (Bio-Rad Laboratories, Hercules, California) under reducing conditions (with β-mercaptoethanol). The silver-staining method was used for band visualization (Wray et al. 1981) with exception of purified OGH10 where Commasie blue was utilized. Standard calibration proteins in the range 17-95 kDa (Serva) were utilized: phosphorylase b (94 kDa), albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), trypsin inhibitor (20.1 kDa) and α-lactalbumin (14.4 kDa).
The approximate isoelectric point of OGH10 was determined on the basis of its release from Mono P column.
Localization of pectate hydrolases in cell structures
The fractionation of parsley root cells was provided by differential centrifugation. All operations were carried out in solution of 0.3 M D-mannitol in 0.02 M acetate buffer, pH 5.0 at 4
• C. The homogenate of 20 g of parsley roots was used as a starting material. The fraction of cell walls was obtained as sediment after centrifugation at 800 × g for 10 min, that of plastids after centrifugation at 4000 × g for 10 min, of mitochondrial pellet at 15000×g for 10 min, and of microsomal membranes at 200000 × g for 30 min. Cytosol remained in the last supernatant. All sediments were washed out several times with isolation buffer until no absorbance at 280 nm was observed in the supernatant. Fractions were suspended, dialysed against distilled water, freeze-dried and analyzed for protein content (Bradford 1976 ) and pectate hydrolase activities. Individual forms of enzyme were identified from their different pH optima and substrate preferences (Flodrová et al. 2007 ). Optima L-90K preparative ultracentrifuge was used for higher speeds and Allegra X-22R for lower ones (both Beckman Coulter, Fullerton, California).
Results and discussion
One form of typical exoPG and four forms of OGH were found in parsley roots (Flodrová et al. 2007 ). OGHs with pH optimum 3.6 and 4.2 identified both in soluble and solid fractions of roots as well as enzyme with pH optimum 4.6 found only in roots juice showed preference for oligogalacturonates with DP about six (OGHs6). OGH6 was described to be produced in carrot roots, as well (Stratilová et al. 2005) . OGH with Fig. 1 . SDS-PAGE of purification path of OGH10 from parsley roots pulp. The silver-staining method was used for band visualization with exception of III where Commasie blue was applied. St -standard calibration proteins in the range 14.4-94 kDa were utilized: phosphorylase b (94 kDa), albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), trypsin inhibitor (20.1 kDa) and α-lactalbumin (14.4 kDa). I -the crude protein extract after Biogel P-30 column; II -proteins from the pulp of roots purified with the same purification process as the proteins from juice, e.g. concanavalin A -Sepharose and Superdex 75 (Flodrová et al. 2007 ); III -purified OGH10 after additional Biogel P30, Mono P, Superdex 75 and PD 10 steps; and IVpurified pectate hydrolases from the parsley juice (Flodrová et al. 2007 ) for comparison of molecular mass of pectate hydrolase forms. pH optimum about 4.6 released only from the pulp of parsley roots with at least 1M NaCl (OGH10) seemed to prefer oligogalacturonates with higher DP (Flodrová et al. 2007 ).
The purification path described for exoPG and OGHs6 of parsley roots juice included affinity chromatography on concanavalin A based column and gel permeation chromatography (Flodrová et al. 2007 ). SDS-PAGE provided apparently homogeneous protein with molecular mass about 55.3 kDa (Fig. 1, lane IV) , but the individual enzyme forms were not separated.
Due to more contaminant proteins released from the pulp with 1 M NaCl additional purification steps for purification of OGH10 from pulp (Fig. 2) were included, such as gel permeation chromatography on Biogel P-30 as the first purification step ( Fig. 2A) , or rechromatography on Superdex 75 after concanavalin A (Fig. 2B) step. However, enzymes from pulp contained still a huge amount of contamination (Fig. 1,  lane II) . The improvement of purification was achieved with chromatofocusing on Mono P column, where some of contaminants were removed (Fig. 2C) . The activity curve indicated the possible separation of individual enzyme forms. They were identified on the basis of their pH optima and the substrate preference (Fig. 3) . The first peak (I -collected fractions 27-33 from Mono P column) corresponded to the mixture of exoPG and OGH6 with pH optimum 3.6, the second one (II -fractions 34-37 from Mono P column) contained mainly OGH6 with pH optimum 4.2. The third peak (III -fractions 38-42 from Mono P column) corresponded clearly to OGH10 which was the subject of this study. OGH10 was released from the column at pH ∼5.3 showing that this enzyme possesses the most acidic isoelectric point from all pectate hydrolases in this source. Gel filtration of collected fractions of this third peak on Superdex 75 as the final purification step was used (Fig. 2D) followed by desalting on PD 10 column. This purification procedure led to marked increase of OGH10 content in final product. However, some contaminants were still present (Fig. 1, lane III) . The molecular mass of OGH10 was smaller as that of exoPG or OGHs6 produced in parsley roots (about 53.5 kDa in comparison with 55.3 kDa). Gel-permeation chromatography on Superdex 75 column (Fig. 2D) calibrated with calibration proteins, showed the molecular mass of OGH10 only about 50 Fig. 3 . Identification of individual pectate hydrolases separated on Mono P column. I-III, three peaks with detectable activity obtained by collection of fractions from Mono P; I -fractions 27-33, II -fractions 34-37, and III -fractions 38-42. Identification provided after desalting and freeze-drying on substrates: hexagalacturonate, pH 3.6 ( ); hexagalacturonate, pH 4.2 ( ); decagalacturonate, pH 4.6 ( ); and pectate, pH 5.0 ( ). Fig. 4 . The initial rates of OGH10 with unique substrate preference from parsley roots pulp on substrates with various DP.
kDa. This was comparable to that of other pectate hydrolases from the pulp or juice (results not shown).
The substrate of preference of purified OGH10 was decagalacturonate (Fig. 4) . This was the main difference between this OGH form and the others that all preferred hexagalacturonate and were found as multiple forms in parsley (Flodrová et al. 2007) or single one in carrot roots (Stratilová et al. 2005) . The initial rate on digalacturonate as a substrate was still about 10% of the maximal initial rate on the substrate of preference (Fig. 4) indicating an exo-manner of substrates cleavage. Only one case of PG, but of microbial origin, with the ability to cleave dimer is known (Parenicová et al. 2000) .
The terminal action pattern of OGH10 was confirmed by correlation of viscosity decrease with the increase of degree of pectate degradation during catalyzed reaction and by TLC of degradation products. A typical slow viscosity decrease corresponding with the rapid increase of reducing groups, as a result of the substrate degradation, was observed (50% viscosity decrease corresponded to cleavage of 19% of total pectate bonds). d- galactopyranuronic acid was observed as the only product of pectate or oligogalacturonates degradation.
The orientation of substrate splitting was evaluated using substrate modified by endopectate lyase (mixture of dimers and trimers marked at non-reducing end by double bound). Degradation of such an unsaturated oligogalacturonates with OGH10 did not lead to any splitting of this modified substrate. It was therefore concluded that OGH10 utilized the cleavage of substrates from their non-reducing end as exoPG or OGH from carrot roots (Heinrichová 1977; Stratilová et al. 2005) or other OGHs from parsley (Flodrová et al. 2007) .
Decagalacturonate as the substrate of preference was used for further characterization of this enzyme. Sharp pH optimum 4.7 was found with half activity at pHs 4.6 and 4.9, respectively (Fig. 5A) . The temperature optimum of OGH10 (Fig. 5B) was comparable with those of exoPG and OGHs6 from this source (Flodrová et al. 2007 ); activation energy being 37.0 kJ/mol. In comparison with other pectate hydrolases, the temperature stability (Fig. 5C ) was slightly lower.
The affinity towards concanavalin A (Fig. 2B ) showed a glycosylation of enzyme of the same type as glycosylation of other parsley (Flodrová et al. 2007 ) and carrot (Stratilová et al. 1996) pectate hydrolases.
The kinetic analysis of degradation of the preferential substrate showed that the affinity of this enzyme toward decagalacturonate (K m equal 3.8 × 10 −5 M) was slightly higher than the affinity of OGH6 from carrot roots to its substrate of preference, hexagalacturonate (K m equal 5.7 × 10 −5 M; Stratilová et al. 2005 ) but this was comparable when the pentagalacturonate was used (K m equal 6.26×10 −5 M). As expected, the affinity to dimer was lower (K m equal 1.25 × 10 −4 M). The maximal V max value (on decamer) of described enzyme was only 124 µM/min in comparison with 703 µM/min of carrot OGH6 on hexagalacturonate (Stratilová et al. 2005) . The expected inhibition with the sole product of the enzymatic reaction, d-galacturonic acid (Dzúrová et al. 1995; Stratilová et al. 1996) , was not observed in this case.
The attempt to localize this enzyme within the cell structures led to the surprising result. It covered the main pectate hydrolase activity detected in the cell wall (Fig. 6) , while the activity of typical exoPG was just half times lower. As the only form, it was identified exclusively bound in the cell walls. The other forms were found in other cell structures, too, indicating other functions as the cell wall modification generally referred to this enzymes. Pressey & Avants (1975) discussed the unability of natural complete hydrolysis of pectin in plants or their tissues without endoPG production because of decrease of reaction rate of plant exoPG on oligomeric substrates. Garcia-Romera & Fry (1995) presented hypothesis about lower oligogalacturonates as biologically inactive and therefore no more degraded. OGH6 preferring hexagalacturonate with still high reaction rate on dimer in cooperation with typical exoPG found in carrot roots (Stratilová et al. 2005) showed that the complete hydrolysis of pectin from the point of view of present works is thinkable in this plant tissue. On the other hand, the present knowledge gives no answer (with exception of microbial attack and following cleavage of pectin with PG) to the question how oligogalacturonates suitable as substrate for described OGH6 are prepared. The pectate hydrolase system in parsley (Flodrová et al. 2007 ) was even more enriched in connection to substrates with different DP in comparison with carrot. OGH10 with unique substrate preference for higher oligogalacturonates is described in this work. It constitutes the main pectate hydrolase of the cell wall.
Conclusions
Generally, it seems that the decrease of DP of preferred substrate of individual form is functionally connected with the decrease of extremely sharp pH optima of enzymes. The connection between pH decrease of primary cell wall during auxin activation of proton pump bound on plasmatic membrane (Rayle & Cleland 1992) and DP decrease of linear parts of side chains of pectin molecule (Vincken et al. 2003a,b) regulated by pectate hydrolases with terminal action pattern may be indicated.
The only three-dimensional structure of terminal pectate hydrolase was determined for exopolygalacturonosidase from Yersinia enterocolitica (Abbott & Boraston 2007) . The specialized activity of this enzyme was described to be due to inserted stretches of amino acid residues that transform the active site from the open-ended channel observed in randomly cleaving PGs (Pickersgill et al. 1998; van Santen et al. 1999; Cho et al. 2001; Federici et al. 2001; Shimizu et al. 2002; van Pouderoyen et al. 2003 ) to a closed pocked-like active centre that restricts the enzyme to the exclusive attack of non-reducing end of substrate. Similar arrangement of the active site can be supposed for exoPGs, too, but with the catalytic site situated between the first and the second subsite instead of the second and the third one. Substrate preference can be dedicated by the arrangement of binding sites beyond the catalytic site.
